In this paper, band structure formation in peritectic Fe-18.0 at%Co and Fe-4.4 at%Ni alloys is reported. Bridgman type directional solidification experiments were performed, and an island band structure was observed in both of these alloys under low velocity solidification conditions. Solid composition profiles along the growth direction in this band region were determined with electron probe measurements. The solute concentration increased during growth, and after an abrupt increase for phase change, it decreased during growth. It then decreased abruptly for the phase change to . Repetition of this process formed bands. Composition profiles calculated by the convection model were compared with these experimental results, suggesting that island bands form by a mechanism similar to that assumed in the model for discrete bands. Furthermore, the nucleation condition in this model was extended. Applying the nucleation constitutional undercooling criterion, a new calculation was developed. The mechanism of band structure formation is discussed in the light of these results.
Introduction
A banded microstructure is a characteristic of peritectic alloys. This microstructure consists of alternate layers of primary and secondary phases perpendicular to the growth direction. A band structure has been observed in low velocity solidification experiments around the constitutional undercooling limit in Cd-Sn, [1] [2] [3] [4] Sn-Sb, 5) Zn-Cu, 5) Ag-Zn, 6) PbBi, 4, [7] [8] [9] and Fe-Ni 10) alloys. The microstructures take different forms, such as discrete bands, island bands, and oscillated tree-like morphology, which often coexist in one microstructure. This microstructure formation has been explained by an analytical model, 11) in which it is assumed that diffusive transient growth of the alternating phases is regulated by nucleation. A banding cycle is proposed to explain the formation of discrete phases. This model has also been extended to the case in which liquid partially mixed by convection with a stagnant liquid film and non-steady state diffusion behavior were assumed. 7) Phase field analysis based on this physical concept is undertaken. 12) In this paper, band structure is reported in peritectic Fe-Co and Fe-Ni alloys. The objective of this study is to elucidate the mechanism of band structure formation, using both experimental and analytical approaches. Directional solidification experiments were carried out using the Bridgman furnace. Island = band structure was observed in both alloys. Composition profiles measured in this band region along the growth direction showed an increment of the solute concentration during growth and its decrement during growth. Calculations based on the convection model fit well with these results. Furthermore, the nucleation condition in this model was extended. The nucleation constitutional undercooling criterion 13) is adopted for creation of a new solid in front of a growing interface. A new calculation is developed, and its results are compared with those of the convection and diffusion models. An interesting difference between these models is seen in their predictions of composition profiles. The band structure formation mechanism is discussed taking into account these experimental and analytical results.
Experimental
Phase diagrams around the peritectic reaction, L þ ! , are shown in Fig. 1 (a) Fe-Co 14) and (b) Fe-Ni 15) systems. The former has been determined from directional solidification experiments, and the latter was drawn with commercial software, Thermo-Calc. The alloy compositions for the directional solidification experiments were chosen as Fe-18.0 at%Co and Fe-4.4 at%Ni with reference to these diagrams and to the theoretical model for peritectic twophase growth. A vertical Bridgman solidification technique was used for directional solidification. An alumina crucible containing cast alloys moved downward through the heated zone at constant velocity. The alloys were then directionally solidified. The temperature distribution in the furnace was measured separately using a Pt/6Rh-Pt/30Rh thermocouple inserted within an alumina tube, and the temperature gradient was determined to be 180 K/cm at the solid-liquid interface. Details of the experimental procedure are described elsewhere. 10, 16) Experimental conditions are summarized in Table 1 . Microstructure observation was made using the polarized optical microscopy. Oberhoffer reagent was available for both alloys to reveal the microstructures. In order to characterize the compositional distribution, different regions of the specimens were analyzed using an electron probe microanalyzer with wavelength dispersive spectroscopy (CAMECA SX-50). Pure Fe, pure Co, and pure Ni were used as standards. Conductive plastic mounting of the specimens did not require any coating on the polished surface. The Co and Ni composition was determined after atomic number-absorption-fluorescence (ZAF) calibration. The error of the measured composition was estimated to be AE0:1 at%. Figure 2 shows microphotographs of longitudinal sections of (a) Fe-Co and (b) Fe-Ni. A relatively weak contrast between the and phases appears in Fig. 2 (a) due to the small difference in the solute content of these phases. Analogous microstructure evolution is observed. Tree-like with surrounding is observed at the beginning of solidification, where a rapidly solidified microstructure is observed in the lower part of Fig. 2(b) , which changes to island = bands. Islands, as large as some hundreds micron meters, are found in this region. The microstructure gradually evolves to the = coupled growth, 10, 17, 20) which is observed in the upper part of Fig. 2(a) . The phase remains at the sides throughout this evolution, due to solute macrosegregation by liquid convection. Figure 3 shows the transverse microstructure of the tree-like region in Fe-Co. Central and outside single phase regions are observed, with a mixed region of these phases located between them.
Results
The composition profile along the growth direction was determined with an electron probe microanalyzer. Line analyses were made with a point probe from the single region into the = band region along the arrows in Figs Fig. 4(a) , which is 2.18 cm from the beginning of solidification. During banding, the grows while increasing its solute concentration. An abrupt increase in solute concentration corresponds to the phase change to . It is noted that due to the relatively large spacing of the electron probe measurements (20 mm), the measured points do not exactly correspond to the phase boundary. The grows, accompanied by decreasing solute concentration, and an abrupt decrease corresponds to the phase change to . This process repeats to form a discrete two-phase microstructure. The band layer thickness is roughly estimated to be 300 mm for and 200 mm for in this figure. In Fig. 4 (b), banding begins at z ¼ 0:52 cm, and this is identical to the solidification length. A similar concentration profile is observed, though only some layers could be distinguished.
These composition profiles represent the band cycle. 11) A solid composition cycle in the phase diagram is drawn in Fig. 5 . In this figure, T P is the peritectic temperature, C , C , and C P are the equilibrium compositions of , , and liquid at T P , and T m and T m are the melting points of and phases, respectively. Liquidus slopes for and are denoted m and m , and solidus slopes m S and m S , respectively. These are listed in Table 2 . During this cycle, 1) grows along its solidus line, 2) nucleation changes the growth phase to , 3) grows along its solidus, and 4) nucleation changes the growth phase to . The local equilibrium interface temperature decreases, and that of increases during their growth. C N is the beginning composition of growth. This point corresponds to the composition just after the abrupt increase in solute concentration, and its measured value is 18.19-18.35 at%Co in Fig. 4 (a). As C is 18.1 at%Co and m S is À0:55 K/at%Co in the Fe-Co phase diagram, 14) the interface undercooling from T p is estimated as 0.05-0.14 K at these points. On the other side, C N is the composition at the beginning of growth and corresponds to that just after the abrupt decrease. The measured value at these points is 17.66- Fig. 4 (a). As C is 17.7 at%Co and m S is À2:00 K/at%Co, the interface superheating above T p is estimated to be up to 0.08 K. These estimates show that banding occurs with cycling of the interface temperature marginally above and below T p and that the cycling takes place very close to T p in this alloy. Trivedi and Park 18) made similar estimations in a Sn-Cd alloy. They also reported from their obtained values that the banding cycle operates below and above the peritectic temperature, though only limited information could be obtained from their measurements, since the phase diagram shows that the phase formed during solidification transforms into þ phases at room temperature.
at%Co in
A similar discussion could be applied to Fe-Ni. The composition just after the abrupt decrease is 3.58-3.70 at%Ni in Fig. 4(b) and this corresponds to superheating of 1.0-1.7 K. However, the composition just after the abrupt increase is 4.12-4.18 at%Ni and this is below C . The estimated undercooling then takes a negative value. This sounds unrealistic and could be attributed to inaccuracy of the calculation phase diagram and the electron probe microanalysis. Therefore further discussion of this alloy is not carried out here, and these possibilities should be investigated elsewhere.
Discussion

Composition profile
A convection model 7) was developed to describe discrete layered growth. Assuming a transient planar growth of primary or secondary phase with a hydrodynamic boundary layer in the liquid (stagnant liquid film), 19) an approximated solute distribution equation inside the film is derived. A one dimensional non-steady state diffusion Assuming that the concentration field inside the boundary layer takes an exponential form, the solute distribution is obtained,
Here, a ¼ ðC
Þ=ð1 À expðÀd=l 0 ÞÞ are determined from the boundary conditions, and l 0 is defined as an independent dynamic variable. At z > z 0 þ d, the solute concentration profile is assumed to be flat. After integration of the diffusion equation and some mathematical transformations, a differential equation is obtained,
From the mass conservation condition at the S/L interface and in the global length,
The interface position, z s ¼ z 0 À z 0 j t¼0 þ v p t, is the distance from the initial end of the sample. L s is the sample length. Equations (2)- (4) can be solved numerically with an appropriate initial condition.
The nucleation conditions are finally specified for the beginning of the growth of alternate phases.
N are set for nucleation during growth and nucleation during growth, respectively. ÁT N and ÁT N are defined as the nucleation undercooling for and , respectively. These can be found in Fig. 5 . During growth, at the time when the interface temperature, Tðz 0 Þ, drops below T I , nucleates and starts to grow. At C L , and liquidi have a temperature difference, thus, the /L interface is constitutionally undercooled against liquidus in this situation. On the other hand, during growth, when Tðz 0 Þ rises above T I , nucleates and starts to grow. Then, the pre-assumed ÁT N and ÁT N determine the scale of the phases and the phase change temperature.
During growth, Tðz 0 Þ decreases, and C L increases along its liquidus line. They pass through T p and C p , respectively, and come into the metastable region in the later stage of transient growth. Concurrently, the S/L interface position retreats, and z 0 decreases. In an opposite manner, Tðz 0 Þ and z 0 increase, and C L decreases during growth. Liquid convection induces an increment of the solute concentration in the bulk liquid during the solidification progress and reduces the band width compared to that in the diffusion model. The composition history through the length of a sample can be calculated, and the number of band layers is then estimated, showing that the band structure is transient.
Composition profiles calculated by this model are also shown in Fig. 4 . The material properties used for these calculations are summarized in Table 2 . (ÁT N calc , ÁT N calc ) were taken as (0.159, 0.159) for Fe-Co and (0.50, 0.05) for Fe-Ni. Experimentally determined Á in the Fe-Ni alloy 10) and the same magnitude of film thickness for Fe-Co were assumed. Disregarding the scatter of measurements in thickness and phase change compositions, they represent the starting point, layer thickness, and number of layers for both of the figures. The calculation results show that the layer thickness increases, while that of the layer decreases during band cycle. In Fig. 4(a) , the calculated composition just after the abrupt increase is 18.50 at%Co, which is scaled by ÁT N calc ¼ 0:159 K. The measured composition was 18.19-18.35 at%Co, and, from this value, the nucleation undercooling can be estimated from the phase diagram relationship as ÁT N exp ¼ 0:04{0:1 K. For the phase, the calculated composition just after the abrupt decrease is 17.60 at%Co, and this is by ÁT N calc ¼ 0:159 K. The measured composition was 17.66-17.90 at%Co, which corresponds to ÁT N exp up to 0.2 K. These might be compared in the same order of magnitude.
Actually, from inspection of the microstructure, the island bands form mainly by elongation from the phase at the sides and are not caused by nucleation. 17, 20) The band structure in the Sn-Cd alloy is really a large tree structure of the primary phase with the surrounding secondary phase. 2, 21) That is, the phase that appears to be separated in a longitudinal polished surface is continuous in opaque volume. However, assuming that the constitutional undercooling in liquid can be a driving force for both elongation and nucleation, and considering the relatively good agreement in the above comparisons, it might be concluded that the = island band structure in these alloys forms under a growth mechanism that is similar to that of the discrete bands assumed in the model.
Nucleation conditions
Nucleation undercooling determines the scale of the phases and phase change temperatures. In the model, nucleation occurs when the constitutional undercooling at the S/L interface against an alternate liquidus exceeds this undercooling. Heterogeneous nucleation is supposed to take place at the S/L interface. However, because it is moving dynamically where the growing phase particles are precipitating, it might be difficult for nucleation to occur on an advancing interface. Since it is less dynamic, the liquid may be a more likely locale for new solid to begin to form. As mentioned in Ref. 13) , the phase transition is supposed to occur only when the nucleation can occur ahead of the growing phase, assuming that the volume ahead of the growing interface is rapidly filled with the nucleating phase with a high nucleation density and growth rate. Reference has also been made to the columnar-to-equiaxed transition in casting and rapid solidification processes 22) which are also induced by the constitutional undercooling ahead of the growing front. In this context, the maximum constitutional undercooling should be taken for the nucleation instead of that at the S/L interface.
The composition distribution in the liquid during growth is schematically shown in Fig. 6(a) . It decreases exponentially from C L to C m with distance in the liquid film and is constant at C m outside it. The corresponding temperature distribution is shown in Fig. 6(b) . It shows the and liquidus temperature and the actual linear temperature distributions. Here, the liquidus temperature can easily be obtained from eq. (1) and the phase diagram relationship. That for is given as,
The constitutional undercooling is the difference between this temperature and the actual temperature. The hatched region in this figure is constitutionally undercooled. Its maximum, located inside the liquid film, is found where @T L =@z ¼ G is established. Then, its position, z max , and value, ÁT S max , are derived from the differentiation of eq. (5) as,
Here, z max is measured from the origin. Nucleation occurs when ÁT S max exceeds ÁT N . On the other side, during growth, the maximum constitutional undercooling against liquidus is always located at the S/L interface. This is because the liquidus temperature gradient for , @T L =@z, is maximum at the interface, and smaller than both G and that for in the liquid film. Figure 7 shows a solid composition profile under this new criterion drawn for the beginning of the band formation in the Fe-Co alloy. It is compared with those of the convection and the diffusion models. The calculation condition is identical to that in Table 2 , but G ¼ 90 K/cm is introduced to clearly display the difference between the present and the convection models. Under a large G condition, ÁT S max tends to locate at the S/L interface, and thus almost no difference in composition profile appeared between these two models at 
Band formation mechanism
Thermally driven convection has significant effects on band formation. Originally due to the temperature difference in the radial direction, liquid flows from center to edge along the S/L interface during solidification. This induces heavy solute to accumulate at lower edges in the bulk liquid, where in both the Fe-Co and Fe-Ni alloys the solute is heavier than the solvent. This causes precipitation at edges throughout the solidification. Oscillated = boundaries are observed forming a tree-like morphology in the early stages of solidification, which then transforms into island bands, as observed in Figs. 2(a) and (b) . This oscillation behavior could be explained by the constitutional undercooling in the liquid at the =/L triple point. 20) The S/L interface shape during the simultaneous growth of central and edge can be planar under the low velocity condition, where the solute concentration along the S/L interface increases from center to edge. 10, 16, 17, 20, 21) If the = boundary is directed outward during this simultaneous growth, as shown in Fig. 8(a) , the liquid composition ahead of the triple point should be less than C P and should be undercooled against the liquidus Composition (at%Co) Fig. 7 Comparison between the present, convection, and diffusion models in an Fe-Co alloy.
temperature to precipitate . The interface temperature should be above T P here. spreads outward to reduce the constitutional undercooling. During this process, however, releases more solutes than , and they diffuse laterally toward . Thus, the liquid gradually becomes richer in solute and tends to decrease its interface temperature. This causes the solute concentration to increase over C P and precipitate the phase at this point. Concurrently, the triple point changes its direction inwards. In this stage, spreads and elongates its branches as schematically shown in Fig. 8(b) . The liquid should be undercooled against the liquidus. Lateral growth of is slightly upward. However, because releases less solute than , the liquid tends to be poor in solute. The solute concentration in the liquid at the triple point decreases below C p , and the interface temperature passes over T p . This leads to termination of the spreading and directs the triple point outward again. This cyclic behavior, somewhat similar to the band formation mechanism, forms a periodically oscillated tree-like = boundary. Under the high velocity condition, this morphology should be fine, and this kind of behavior should be determined by the maximum constitutional undercooling in the liquid. Due to the longitudinal macrosegregation by convection, the solute concentration in the bulk liquid increases. This causes the volume fraction to gradually increase during this growth, since the fraction of the area with concentration above C p increases on the S/L interface. The cyclic motion of the triple point comes inward, and then the morphology changes to an island band structure that is made of perpendicularly continuous layers. This structure can be regarded as a heavily oscillated microstructure. Lateral and longitudinal macrosegregations due to liquid convection and constitutional undercooling play a determining role in the formation of this type of two-phase microstructure.
Summary
Bridgman-type directional solidification was performed on Fe-18.0 at%Co and Fe-4.4 at%Ni alloys, and an island band structure was observed in both alloys. This morphology is transformed from the oscillated tree-like morphology observed at the beginning of solidification. The composition profile in the band region along the growth direction was measured with an electron probe microanalyzer. In this region, elevation and depression characterized the and layers, respectively. Solute concentration increment during growth and decrement during growth were observed along with abrupt jumps for phase changes. Estimates of the interface undercooling and overheating demonstrated that banding occurs with the interface temperature varying above and below T p and that it occurs very close to T p in the Fe-Co alloy.
Calculation based on the convection model agreed well with measurements, particularly with respect to the starting point and the layer thickness. Estimated nucleation undercoolings from the measured composition were in relatively good accord with the calculated nucleation undercoolings. The island band structure mechanism could be explained by this model.
Applying the nucleation constitutional undercooling criterion, this model was extended with respect to the nucleation condition. The maximum constitutional undercooling in the liquid was taken for nucleation, and a new calculation was developed. Compared with the convection and diffusion models, more band layers with less thickness and larger solute concentration at the start of the growth were predicted by the present model.
Taking these results into account, the band structure formation mechanism was discussed briefly. Convection induced macrosegregation in the radial and longitudinal directions plays a crucial role for this microstructure. Simultaneous growth of =, forming a tree-like morphology, is caused by the oscillated composition in front of the =/L triple point under radial macrosegregation. Transition from tree-like to island bands that consist of perpendicularly continuous layers is induced by longitudinal macrosegregation. 
